The main aim of the current research was to study the effect of porphyra-334, one of mycosporine-like amino acids (MAAs), well known as UV-absorbing compounds, on UVinduced apoptosis in human immortalized keratinocyte (HaCaT) cells. Due to their UV-screening capacity and ability to prevent UV-induced DNA damage, MAAs have recently attracted considerable attention in both industry and research in pharmacology. Herein, human HaCaT cells were used to determine the biological activities of porphyra-334 by various in vitro assays, including proliferation, apoptosis and Western blot assays. The proliferation rate of UV-irradiated HaCaT cells was significantly decreased compared to the control group. Pretreatment with porphyra-334 markedly attenuated the inhibitory effect of UV and induced a dramatic decrease in the apoptotic rate. Expression of active caspase-3 protein was increased in response to UV irradiation, while caspase-3 levels were similar between cells treated with porphyra-334 and the non-irradiated control group. Taken together, our data suggest that porphyra-334 inhibits UV-induced apoptosis in HaCaT cells through attenuation of the caspase pathway.
have been identified (5, 6) . MAAs have the ability to absorb UV radiation due to their structural characteristics and to dissipate its energy without forming ROS (6, 7) . Although a number of recent reports on MAAs in various marine organisms refer mostly to their potential ability to protect from UV, it has been suggested that MAAs also contribute to other cellular functions such as osmotic regulation and antioxidant activity. For example, porphyra-334 exerts potent antioxidant activity and prevents cellular damage caused by UV-induced ROS with free radical scavenging capacity (7) . This fact suggests that MAAs can play crucial roles as antioxidant molecules to modulate cellular processes affected by ROS, such as DNA damage and apoptosis. In addition, owing to their effective UV-screening capacity, potential anti-aging effect and cell regenerative ability in human skin cells, MAAs have attracted considerable attention in both industrial and pharmacological fields (8) . Chronic exposure to environmental UV radiation leads to functional and structural changes of cells in the skin epidermis and induces photoaging-related processes, such as degradation of collagen fibers, pigmentation and lesions. The UV-induced damage to skin structure leads to significant changes in the expression levels of photoaging-associated genes, such as integrin and pro-collagen (9, 10) . In fact, a recent report has shown that MAAs from green algae protect skin against UV-induced skin damage through recovery of UV-suppressed expression of elastin and pro-collagen genes (11) .
Despite abundant ecological and physiological studies of the functional roles of MAAs on the skin, our understanding of their roles at the molecular level remains poor. Herein, we investigated the physiological and molecular functions of MAAs during apoptosis in UV-irradiated HaCaT cells. A prototype of apoptosis occurring in keratinocytes following UV radiation is the formation of epidermal sunburn cells destined to undergo apoptosis in response to high levels of photosynthetically active radiation (12) . This results in activation of cell death pathways through direct interactions with apoptosis-regulating proteins such as the caspase family (13) . In the current study, we have demonstrated for the first time that porphyra-334 exerts protective effects against UV-induced apoptosis through attenuation of the caspase pathway in HaCaT cells.
EXPERIMENTAL

Cell cultures and irradiation
HaCaT cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco/ Invitrogen, USA) with 10 % fetal bovine serum (FBS) in a 37 °C humidified incubator containing 5 % CO 2 . Cells were plated at a density of 0.5 ´ 10 6 cells per well in 6-well plates and were grown overnight. They were incubated with porphyra-334 (0.1 mg mL -1 ) for 30 min prior to UV irradiation, which was carried out as described previously (11) . Cells were exposed to UV light with a Philips Original Home Solarium sun lamp (model HB 406/A, Philips, The Netherlands) equipped with a UV lamp, or were mock-treated, and incubated for 12 h. Three independent experiments of UV-treated HaCaT cells were performed.
MTT assay
Cells were plated at a density of 1 ´ 10 3 cells per well in 96-well plates in triplicate and incubated at 37 °C with 5 % CO 2 in a humidified incubator. Cell viability was measured 
Annexin V/propidium iodide (PI) staining apoptosis assay
For the cell apoptosis assay, the Annexin V-FITC apoptosis detection kit (BD Biosciences, USA) was used to assess the apoptotic effect of porphyra-334. For Annexin V staining, HaCaT cells (control, +UV/-porphyra-334 and +UV/+porphyra-334) were harvested by trypsinization, washed twice with cold PBS, and then re-suspended in 100 μL 1 ´ annexin binding buffer (~1 ´ 10 5 cells per mL) containing 5 and 2 μL of annexin V-FITC and PI, resp. After cells were incubated for 15 min at room temperature in the dark, 400 μL of 1 ´ annexin binding buffer was added to each tube and then cells were detected within 1 h using flow cytometry.
Western blot analysis
Samples were lysed on ice in RIPA buffer (50 mmol
NaCl, 2 mmol L -1 EDTA, 1 % NP-40, 0.5 % Na-deoxycholate). Total proteins (50 μg) from each sample were separated on a 4-20 % Criterion TM Tris·HCl precast gel (BioRad, USA) and transferred onto nitrocellulose (NC) membranes. The membrane was incubated at 4 °C overnight with the primary antibody, anti-caspase-3 antibody (Cell Signaling Technology, USA). After being probed with the secondary antibody, IgG conjugated to horseradish peroxidase (HRP, Santa Cruz Biotechnology, USA), the membrane was developed with enhanced chemiluminescence (Amersham Pharmacia Biotech, UK).
TUNEL assay
The TUNEL assay was conducted with an in situ cell death detection kit (Roche, USA) per the manufacturer's instructions. Briefly, treated cells were fixed using 2 % paraformaldehyde/PBS (pH = 7.4) for 1 h at room temperature and the fixative was removed by suction, followed by washing in phosphate buffer saline (PBS) twice for 5 minutes. Cells were then incubated with permeabilisation solution for 2 min in ice and labeled at 37 °C for 1 h. TUNEL-positive cells were observed by fluorescence microscopy.
Statistical analysis
Mean values and their standard deviations were calculated from three biological replicates. The statistical significance of the difference between means was tested using oneway ANOVA followed by a Tukey B multi-range test; p-values < 0.05 indicated statistical significance.
RESULTS AND DISCUSSION
Effects of MAAs on the growth of HaCaT cells exposed to UV radiation
To investigate the effects of MAAs on the proliferation rate of cells exposed to UV radiation, we performed the MTT assay on the human keratinocyte cell line, HaCaT, following daily treatment for 24, 48, 72 and 96 h. As shown in Fig. 1a , the proliferation rate of UV-irradiated HaCaT cells was significantly decreased, up to three-fold, compared to nonirradiated cells. Under exposure of UV radiation, human HaCaT cells showed an increase in cell viability after treatment with porphyra-334. Notably, pretreatment with porphyra-334 attenuated the inhibitory effects of UV irradiation to a marked extent, leading to elevated survival rates of HaCaT cells (up to ~88 %), compared to non-irradiated cells.
Morphological changes in HaCaT cells treated with porphyra-334 and UV irradiation
In general, cells undergoing apoptosis display dramatic morphological changes, such as shrinkage and deformation (14) . Hence, we further examined whether the morphological deficiencies of UV-induced apoptotic cells were amplified or weakened by porphyra-334. Untreated (control) HaCaT cells were adherent and exhibited a smooth surface and were elongated -irradiation displayed significant shrinkage with irregular and rough forms, along with lower numbers (Fig. 1b) . Interestingly, no morphological changes char- acteristic of apoptosis were observed in porphyra-334 treated cells compared to untreated cells, which is consistent with the results of the cell proliferation assay.
Protective effects of MAAs against UV B -induced apoptosis and DNA fragmentation through modulation of caspase
UV-radiation exerts apoptotic effects by causing DNA damage (13) . To confirm the protective effects of porphyra-334 on UV-induced HaCaT cells, we performed a flow cytometric analysis to evaluate healthy (AnnexinV-/PI-), early apoptotic (Annexin+/PI-), late apoptotic (AnnexinV+/PI+) and debris (AnnexinV-/PI+) cell populations in the control, UVirradiated, and UV+porphyra-334 treated cells. Annexin V-positive (early and late apoptosis) cells were considered an apoptotic population. As shown in Fig. 2 , the apoptotic population was significantly increased in UV-irradiated cells (23.5 %) compared to the untreated control group (2.3 %), which was dramatically reduced (4.0 %) in porphyra-334-treated cells. Further, apoptotic cells were observed via TUNEL staining (Fig. 3) designed to detect cells that undergo DNA degradation during the late stages of death. In this assay, most cells were TUNEL positive in the group of +UV/-porphyra-334, implying that UV radiation was able to penetrate into all cells and induce apoptosis through DNA damage. The TUNEL assay measured the effect of porphyra-334 on UV-induced DNA fragmentation and revealed inhibition of DNA fragmentation following addition of porphyra-334; cells from UV-irradiated groups exhibited significant apoptosis whereas porphyra-334 treated cells appeared normal.
Our data suggest that porphyra-334 contributes to the mitigation of UV-induced apoptosis and DNA fragmentation. To ascertain whether porphyra-334 affects the caspase pathway in HaCaT cells, we measured caspase-3 protein levels. Upon irradiation of HaCaT cells, activation of caspase-3 (based on the decreased expression of procaspase-3) was clearly observed (Fig. 4) . Western blot analysis revealed attenuation of apoptotic signaling in porphyra-334-treated cells. Notably, levels of procaspase-3 and active caspase-3 in porphyra-334 treated cells were restored to ~80 % of control levels, implying that protection of cells from UV damage by porphyra-334 was partially mediated by suppression of caspase activation.
MAAs are well-known UV light screening/absorbing secondary metabolites produced by a variety of marine organisms, including cyanobacteria and microalgae (4) (5) (6) . These compounds are colorless and water soluble, composed of cyclohexenone or a cyclohexenimine chromophore conjugated with the nitrogen substituent of an amino acid or amino alcohol (2). The above structural features provide MAA-synthesizing organisms with UV-protective capability, potentially through inducing a considerable decrease in UV-triggered damaging effects with absorption maxima ranging from 310 to 360 nm, such as DNA fragmentation and apoptosis through the modulation of expression levels of apoptosis-related genes, such as p53, Bcl-2 and caspases. Recent reports have shown that MAAs, including porphyra-334, display antioxidant capability with scavenging potential for UVinduced reactive oxygen species, such as superoxide anions, hydroxyl radicals and hydroperoxyl radicals (2, 3) . Based on this finding, MAAs are suggested to play a protective role in healthy individuals by eliminating ROS and inhibiting apoptosis caused by oxidantmediated cell damage. In addition, various antioxidants inhibit apoptosis by scavenging reactive oxygen species (2, 3) . In apoptotic cells, procaspase-3 levels are decreased and levels of active forms of caspase-3 are increased, activating, in turn, endogenous DNases, such as CAD. In our study, elevated active caspase-3 expression in response to UV radiation was significantly decreased upon treatment with porphyra-334. Consistently, data from the TUNEL assay showed that porphyra-334 inhibited DNA fragmentation, the biochemical hallmark of apoptosis, caused by caspase-3-activated endogenous DNases. Although the assay has limitations in sensitivity and specificity due to the interference environments such as DNA condensation and protein environment of DNA, it is a common method for detecting DNA fragmentation that results from apoptotic signaling cascades. Furthermore, the flow cytometry analysis revealed a dramatic reduction in the apoptosis rate in UV-irradiated cells treated with porphyra-334. Taken together, the data clearly suggest that porphyra-334 plays a critical role in protection against the harmful effects of apoptosis provoked by UV radiation-induced DNA damage in HaCaT cells.
CONCLUSIONS
In the present study, we have demonstrated that porphyra-334 attenuates UV-induced apoptotic cell death in HaCaT cells. The inhibitory effect of porphyra-334 on apoptosis may be attributable to its structural and chemical properties as a mycosporine-like amino acid (MAA). To better understand the protective effect of porphyra-334 against UV radiation, we will further examine its functional roles in other human keratinocytes. As a result, our data provide new insights into the use of MAAs for the industrial and pharmacological development of biological sunscreens and antioxidants.
